Treatment of surface silanol groups with hydrophilic compounds enabled silica-coated cadmium sulfide (SiO 2 / CdS) nanoparticles of core-shell morphologies to be dissolved in a water/methanol mixture. Size-selective photoetching of the particles was performed by irradiation with monochromatic light at 458 nm, resulting in a blue shift of its absorption onset because of the decreasing size of the CdS. TEM analyses revealed that the SiO 2 shell structure was not shrunken by photoetching and that a void space (ca. 2.3 nm) was formed between the CdS core and the SiO 2 shell to give a jingle-bell structure. The emission spectra of photoetched particles showed the development of band-gap emission when cadmium ion (Cd 2+ ) was added and the pH was adjusted to 10, whereas the same treatment of original particles gave no peaks assigned to band-gap emission, indicating that the SiO 2 shell was sufficiently porous for small ionic species such as Cd 2+ to penetrate through the shell and that the photoetched CdS core incorporated in the SiO 2 shell had a bare surface to be covered with a cadmium hydroxide layer. With increasing shell thickness, the rate of CdS photoetching was reduced as a result of decrease in the rate of scavenging of the photogenerated electrons in CdS by electron acceptors such as O 2 and methyl viologen (MV 2+ ) in solution. The structure of the SiO 2 layer was varied by surface modification of the CdS with both 3-mercaptopropionic acid (MPA) and 3-mercaptopropyltrimethoxysilane (MPTS) followed by hydrolysis of its trimethoxysilyl group. FT-IR spectra showed that MPA molecules, but not MPTS molecules, attached to the CdS core surface were eliminated by photoetching of the particles, resulting in the formation of windows in the SiO 2 shell. The behavior of CdS emission quenching suggested that MV 2+ is transported through the windows to the void space inside the SiO 2 shell to reach the CdS core.
Introduction
Encapsulation of metal or semiconductor nanoparticle cores in hollow spheres has attracted much attention [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] because it is an effective means for preventing aggregation of core particles and because the void space between the core and shell is expected to be suitable as a reaction site for novel catalytic reactions and as a nanosized container for molecules. The fabrication has been performed using core-shell structures as precursors in which nanoparticles were made in the hollow structures by the partial removal of core materials by chemical etching or combustion. To utilize these materials as catalysts or containers, it is important to control the transport of target substrates from the bulk solution to the space inside the shell. Several strategies for investigating permeation of chemical species through shell walls have been reported. For example, the diffusion of quinoline across a polymer shell was monitored by the shift of the plasmon peak position of the incorporated gold (Au) core nanoparticles that were sensitive to changes in the refractive index of the solution inside the hollow sphere, 9 and the difference in the permeabilities of methyl viologen (MV 2+ ) and iodide ions through the shell wall was measured on the basis of the fluorescence-quenching behavior of fluorescein isothiocyanate incorporated in a hollow silica sphere. 13 The permeation properties of a porous titania nanoshell were adjusted by tuning pH and ionic strength of the bulk solution. 14 Furthermore, it has been reported that the porosity of a carbon and polymer shell of hollow particles was improved by using mesoporous silica as a template in the fabrication of the shell structure. 15 Recently, we have reported the preparation of a novel coreshell structure of silica (SiO 2 )-coated cadmium sulfide (CdS) nanoparticles using a size-selective photoetching technique. 16, 17 The resulting nanoparticles had a void space between the CdS core and the SiO 2 shell, like a nanosized "jingle bell"; the size of the void space could be adjusted from 1.4 to 2.4 nm by selecting the wavelength of monochromatic light from 514 to 458 nm, respectively, used in the size-selective photoetching. In the proposed process of size-selective photoetching, the CdS core incorporated in the SiO 2 shell is corroded by photogenerated holes to liberate cadmium (Cd 2+ ) and sulfate ions (SO 4 2-), and photoexcited electrons in CdS are removed by the reaction with oxygen molecules. Therefore, changes in the shell morphology such as thickness and coverage will cause variations in the photoetching behavior of the CdS core incorporated in the SiO 2 shell because the transport of chemical species through the SiO 2 shell is modified. Furthermore, it is also expected that the physicochemical properties of the resulting photoetched core-shell particles can be controlled by modifying the structure of the SiO 2 shell.
In the present study, we prepared SiO 2 -coated CdS (SiO 2 / CdS) nanoparticles dissolved in a water/methanol mixture that had different shell thicknesses or various degrees of coverage of the SiO 2 shell on the CdS core. The size-selective photoetching behavior and photochemical properties of the CdS cores were found to be dependent on the structure of the SiO 2 shell of the SiO 2 /CdS nanoparticles.
Experimental Section
Materials. Sodium bis(2-ethylhexyl)sulfosuccinate (AOT), 1,1′-dimethyl-4,4′-bipyridinium dichloride (methyl viologen, MV 2+ ), 3-mercaptopropyltrimethoxysilane (MPTS), tetraethyl orthosilicate (TEOS), and 3-mercaptopropionic acid (MPA) were purchased from Tokyo Chemical Industry. Cadmium perchlorate was obtained from Kishida Reagents Chemicals. Diethylphosphatoethyltriethoxysilane (PETS) was purchased from Gelest Inc. Other chemicals used in this study were supplied by Wako Pure Chemical Industries. Aqueous solutions were prepared just before use with water purified by a Yamato/Millipore WP501 Milli-Q system.
Preparation of CdS Nanoparticles in Reverse Micelles. CdS nanoparticles were prepared in reverse micelle solutions by the previously reported procedure with a slight modification. 16,17 A 240-cm 3 portion of a heptane solution containing 17 g of AOT and 6.9 cm 3 of water was divided into three solutions, A (100 cm 3 ), B (100 cm 3 ), and C (40 cm 3 ). To solutions A and C were added 0.67 and 0.26 cm 3 , respectively, of 1.0 mol dm -3 Cd(ClO 4 ) 2 aqueous solution, and 0.67 cm 3 of 1.0 mol dm -3 Na 2 S aqueous solution was added to solution B. After these solutions had been stirred individually for 1 h, solution A was poured into solution B, and the mixture was stirred vigorously for 15 min, resulting in the formation of a transparent yellow solution of CdS nanoparticles. Solution C was added to the CdS solution, and the resulting mixture was stirred for another 15 min to obtain CdS particles having cadmium-rich surfaces. A yellow solid was obtained by vacuum evaporation of the solvent and was dissolved in 200 cm 3 of toluene (solution D).
SiO 2 -Coated CdS Nanoparticles with Different Shell Thicknesses. Coating of CdS nanoparticles was performed through three steps of layer-by-layer accumulation of (1) anchoring, (2) intermediate, and (3) outermost layers as shown in Scheme 1a. An anchoring layer was prepared by the reaction of surface-excess Cd 2+ with a thiol group in MPTS followed by hydrolysis of trimethoxysilyl groups to form a Si-O-Si network as a component of the shell structure as follows: A 0.26-mmol portion of MPTS was added to 50 cm 3 of solution D (containing 0.17 mmol CdS), and the mixture was stirred for 1 h. Then, a 17-cm 3 portion of toluene containing 1.2 g of AOT and 0.1 cm 3 of water was added, and the mixture was refluxed for 2 h, resulting in the formation of a SiO 2 shell layer on a CdS core. The solvent was condensed to ca. 50 cm 3 to remove water and methanol liberated by the hydrolysis.
Intermediate layers were accumulated by attachment of TEOS to the surface hydroxyl groups on the SiO 2 layer. A typical preparation of an intermediate layer is as follows: A 0.52-mmol portion of TEOS was added to a toluene solution of CdS coated with SiO 2 , and the mixture was stirred at room temperature for 1 h. After addition of water (10 mmol), the mixture was refluxed for 2 h, and then 5 cm 3 of the solvent was removed by evaporation. After the solution had been cooled to room temperature, toluene was added to make the volume 50 cm 3 . Under the present reaction conditions, 0.26 mmol of TEOS was expected to give a monolayer of SiO 2 , and the above-described procedure corresponded to the addition of two layers.
The outermost layer, which makes the particle surface hydrophilic, was prepared through the condensation of surface hydroxyl groups with PETS and hydrolysis. PETS (0.26 mmol) was added to a solution of SiO 2 -coated CdS and subjected to reflux in the presence of water (5.2 mmol). The thus-obtained SiO 2 -coated CdS nanoparticles are denoted in this study as SiO 2 (x)/CdS, where x represents the number of SiO 2 layers, i.e., anchoring, intermediate, and outermost layers (x g 2).
SiO 2 (x)/CdS particles were isolated by the destruction of reverse micelles with addition of methanol, washed with methanol several times, and dissolved in methanol by sonication for several minutes.
CdS Nanoparticles Partially Covered with SiO 2 . Surface modification with a mixture of MPA and MPTS was performed to prepare SiO 2 -coated CdS nanoparticles having different degrees of surface coverage with SiO 2 (Scheme 1b). A typical preparation procedure is as follows: MPA (0.13 mmol) was added to 50 cm 3 of solution D. After the solution had been stirred for 1 h, MPTS (0.13 mmol) was added, and the mixture was stirred for an additional 1 h. Hydrolysis of the trimethoxysilyl groups of MPTS anchored on CdS was performed by the same procedure as that used for the anchoring layer preparation. Then the outermost layer with PETS was accumulated. The resulting CdS nanoparticles partially covered with a SiO 2 shell (MPA-SiO 2 (2)/CdS) were isolated and purified in a similar way. The molar portion of MPTS among the modifiers, MPTS and MPA in feed, is expressed as P MPTS .
Size-Selective Photoetching of Soluble SiO 2 -Coated CdS Nanoparticles. An argon ion laser (Ion Laser Technology, model 5500A) and a 400-W mercury arc lamp (Eiko-sha) equipped with optical filters were used as light sources of irradiation at 488 and 458 nm and at 436 and 404 nm, respectively. SiO 2 -coated CdS particles were dissolved in a water/methanol (9:1) mixture containing 50 µmol dm -3 MV 2+ and saturated oxygen (O 2 ) and then irradiated with monochromatic light until the absorption spectrum of the solution remained almost unchanged. For emission measurements, photoetching was performed by the same procedure but without MV 2+ , which quenches the emission of CdS nanoparticles, and then the resulting solution was dialyzed with a cellulose membrane against the water/methanol (9:1) mixture for 1 day to remove liberated Cd 2+ and SO 4 2-. Characterization. Absorption and emission spectra were measured using a photodiode-array spectrophotometer (Agilent Technology 8453A) and a fluorescence spectrometer (Shimadzu RF-5300PC), respectively. FT-IR spectra were recorded on a Shimadzu FT-IR-8200PC spectrometer equipped with a surface reflectance attachment. Specimens for FT-IR measurements were prepared by casting the nanoparticle solution onto gold substrates and drying under vacuum. The structure and size distribution of SiO 2 -coated CdS nanoparticles were examined using a JEOL 2010F transmission electron microscope (TEM) with an acceleration voltage of 200 kV. The TEM samples were prepared by dropping the nanoparticle solution onto a copper grid with amorphous carbon overlayers (Ouken Shoji, type B) and drying under vacuum.
Results and Discussion
Size-Selective Photoetching of SiO 2 -Coated CdS Nanoparticles. It has been reported 16,17 that destruction of reversed micelles containing SiO 2 (1)/CdS, i.e., CdS covered only with a hydrolyzed MPTS layer, caused coagulation of particles, making them insoluble in any kind of solvent even when the suspension was sonicated for a long time. To prevent this, further surface modification was performed with PETS in this study. The resulting particles did not appear to aggregate during the isolation of particles from the reverse micelle solution, and the particles had hydrophilic surfaces, enabling dissolution in methanol or a water/methanol mixture. Similar surface treatment of the SiO 2 shell with various functionalized alkoxysilane compounds has been used to make SiO 2 -coated nanoparticles, such as CdSe/ZnS, 18 CdTe, 19 and Au, 19,20 soluble in water. Figure 1 shows changes in the absorption spectra of SiO 2 (2)/ CdS nanoparticles caused by size-selective photoetching with monochromatic irradiation at various wavelengths. The original SiO 2 (2)/CdS nanoparticles gave an exciton peak at around 445 nm and an absorption onset at 550 nm, indicating that most of the CdS nanoparticles had an energy gap similar to that of the bulk material. Monochromatic light irradiation induced blue shifts of the spectra, and exciton peaks became distinct with decreasing wavelength of irradiation. Furthermore, the wavelength of absorption onset of each spectrum agreed well with that of irradiation. It is well-known that CdS nanoparticles are photocorroded to smaller particles according to eq 1 in the presence of dissolved oxygen and MV 2+ , with MV 2+ acting as an electron relay from CdS nanoparticles to oxygen molecules and enhancing the photoetching of CdS. 21, 22 The results indicate that size-selective photoetching of CdS cores was successfully performed and the surrounding SiO 2 shells prevented the coalescence between the photoetched CdS cores during the process (Scheme 2a), as reported in our previous papers. 16, 17 CdS nanoparticles were photocorroded until the irradiated light could not be absorbed by the CdS nanoparticles as a result of an increase in the energy gap with decrease in particle size, i.e., size quantization effect. With irradiation of monochromatic light at 488, 458, 436, and 404 nm, exciton peaks appeared at 448, 430, 412, and 364 nm, respectively. The diameters of the photoetched CdS nanoparticles were estimated to be 3.0, 2.6, 2.3, and 1.8 nm, respectively, by fitting the experimental results to a theoretical relation between the energy gap and the particle diameter of CdS. 23 Figure 2 shows typical TEM images of SiO 2 (2)/CdS photoetched at 458 nm. It can be seen in Figure 2a that the photoetched CdS nanoparticles, which could be seen as black 
spots, were small and monodispersed, and almost no large particles having the size of original CdS (4-7 nm) were observed. Furthermore, CdS particles seemed to be incorporated in the hollow SiO 2 shells, and void spaces were formed between the CdS particles and SiO 2 shells as indicated by the arrows. The electron diffraction patterns of these particles before and after monochromatic irradiation consisted of five clear diffraction rings corresponding to interplanar spacings of 0.34, 0.21, 0.18, 0.15, and 0.11 nm, which were assignable to diffractions from the (111), (220), (311), (400), and (422) planes, respectively, of the cubic structure of CdS. 24 Figure 2b shows typical high-magnification images of SiO 2 (2)/CdS. CdS nanoparticles are clearly recognized as a part of the lattice fringe. The fringe corresponds to the interplanar spacing of 0.33 nm assigned to the (111) lattice plane of the cubic crystal structure. In our previous study, TEM analyses revealed that the application of size-selective photoetching to SiO 2 -coated CdS nanoparticles made a jingle-bell structure on a nanometer scale. 16 Although clear images were difficult to obtain because of the increased thickness of the SiO 2 shell in SiO 2 (2)/CdS compared with that of our previous study (SiO 2 (1)/CdS), 16 the formation of a similar structure by irradiation was strongly suggested in this study by the high-magnification images in Figure 2b ; the photoetched CdS particle is surrounded by a SiO 2 shell, and a void space forms between CdS and SiO 2 , as depicted in schematic illustrations in Figure 2b . This structure is quite different from that of the original particles: SiO 2 /CdS before photoetching had almost no void space inside the shell (not shown). The size distributions of CdS core particles before and after the size-selective photoetching were measured by TEM. The original CdS nanoparticles had a broad size distribution with an average diameter (d av ) of 4.9 nm and standard deviation (σ) of 0.6 nm, whereas irradiation at 458 nm resulted in a decrease in size, giving d av ) 2.7 nm and σ ) 0.3 nm. On the other hand, the SiO 2 shell obtained after irradiation at 458 nm exhibited a relatively wide distribution with d av ) 5.0 nm and σ ) 0.8 nm, which are very similar to those of original CdS nanoparticles, working as a template of the SiO 2 shell. These facts show that the SiO 2 shell structure remained unchanged with size-selective photoetching without any shrinkage. The size of the void space was calculated as the difference between the average size of the photoetched CdS cores and that of the SiO 2 shells to be 2.3 nm. Figure 3 shows the emission spectra of SiO 2 (2)/CdS before and after photoetching at 458 nm. At pH 7.0, only a weak broad emission was observed for both particles in the range of wavelengths from 500 to 800 nm with a peak around 650 nm, which were attributed to the recombination of photogenerated charge carriers at the surface defect sites in CdS nanoparticles. 26, 27 The emission intensity was enhanced ca. 5 times by the photoetching, probably as a result of removal of the radiationless recombination sites in original CdS particles. Similar enhancement of emission induced by size-selective photoetching was observed for CdS nanoparticles without SiO 2 shells in our previous study. 25 Although addition of Cd 2+ at pH 7.0 caused almost no changes in emission, adjustment of the pH to 10 in the presence of additional Cd 2+ in the solution increased the emission intensity in both particles. Furthermore, a sharp emission peak at 460 nm, assigned to band-gap emission, appeared only from the photoetched sample. Henglein et al. reported that addition of Cd 2+ to CdS colloid in an alkaline solution induced the appearance of band-gap emission along with the enhancement of emission from surface defective sites. 27 They attributed this behavior to blocking of the radiationless recombination sites by a cadmium hydroxide (Cd(OH) 2 ) layer. These facts indicate that the bare surface of a CdS core particle exposed by photoetching was covered with a Cd(OH) 2 layer, resulting in the appearance of band-gap emission, whereas the surface of the CdS core in the original SiO 2 (2)/CdS was protected by MPTS against the formation of a Cd(OH) 2 layer. It should be noted that such photochemical properties of CdS are influenced by the composition of the bulk solution, even though the SiO 2 shell separates them. This fact indicates that the SiO 2 shell surrounding the CdS core is sufficiently porous for small ionic species such as Cd 2+ and OH -to penetrate from the bulk solution to the interior of the SiO 2 shell.
Dependence of the Rate of CdS Photoetching on the SiO 2 Shell Thickness. Irradiation of 458-nm light onto SiO 2 -coated CdS nanoparticles having different shell thicknesses induced blue shifts of the absorption spectra of CdS nanoparticles and finally gave an absorption onset at 460 nm and an exciton peak at 430 nm, irrespective of the shell thickness. These results indicate that the size of the photoetched CdS nanoparticles was simply determined by the wavelength of the irradiated light used in size-selective photoetching. However, the rate of CdS photoetching was considerably influenced by the SiO 2 shell thicknesses. Representative time-course curves are shown in Figure 4a ; the change in the absorbance at 458 nm of SiO 2 (x)/ CdS nanoparticles with x ) 12 was slower than that with x ) 2. Assuming that the absorption coefficient at 458 nm was the same as that of original CdS nanoparticles in the early stage of irradiation, the initial photoetching rate (R p ) of CdS was evaluated from the slope of a linear part of the relation curve between absorbance and irradiation time. As shown in Figure  4b , it is clear that an increase in the value of x in SiO 2 (x)/CdS induced a remarkable decrease in R p . Because the photocorrosion of CdS with photogenerated holes requires scavenging of photoexcited electrons by electron acceptors, such as O 2 and/ or MV 2+ supplied from the bulk solution, the results shown in Figure 4b suggest that the reduction of O 2 and/or MV 2+ by photoexcited electrons in CdS is greatly retarded with an increase in the SiO 2 shell thickness, as a result of the lowered probability of tunneling of the photogenerated electrons through the SiO 2 shell and/or the decrease in the rate of O 2 or MV 2+ penetration through the SiO 2 shell wall.
Influence of the SiO 2 Shell Coverage on Size-Selective Photoetching. Figure 5 shows FT-IR spectra of various kinds of CdS nanoparticles used in this study. A broad absorption band around 3300 cm -1 and an absorption band at 2900 cm -1 were assigned to O-H vibrations of the absorbed H 2 O and C-H vibration in the alkyl chain of the surface modifiers, respectively. An absorption band due to S-H vibration, 28 observed at 2560 cm -1 for pure MPTS and MPA, was absent in all cases, indicating that thiol groups of MPTS and MPA were bound to surface Cd 2+ sites through Cd-SR bond formation. The original particles of SiO 2 (2)/CdS and MPA-SiO 2 (2)/CdS (P MPTS ) 0.5) showed a broad absorption band due to Si-O-Si vibrations 28, 29 appearing at 1000-1100 cm -1 , whereas a sharp absorption band at 1550 cm -1 was observed in the case of MPA-modified CdS and MPA-SiO 2 (2)/CdS and was assigned to vibration of the carboxylate anion in MPA. 28 These results revealed that the hydrolysis of MPTS and PETS gave a Si-O-Si network as a component of the SiO 2 shell structure in SiO 2 (2)/CdS and MPASiO 2 (2)/CdS, and for MPA-SiO 2 (2)/CdS, moreover, a part of the CdS surface was also modified with MPA as illustrated in Scheme 1b, although the precise coverage by MPA cannot be determined at present.
Size-selective photoetching of MPA-SiO 2 (2)/CdS (P MPTS ) 0.5) was successfully performed, and its absorption spectrum was blue-shifted (Figure 6a ). The irradiation also induced remarkable changes in FT-IR spectra as shown in Figure 5d ; the absorption band at 1550 cm -1 due to the carboxylate anion almost disappeared, whereas that at 1000-1100 cm -1 assigned to the Si-O-Si vibration remained. These results indicate that MPA bound on the CdS surface was eliminated by the photoetching, possibly as a result of the photooxidation of thiol groups to sulfonate or disulfide groups, but that the SiO 2 shell remained unchanged and prevented the coalescence of the photoetched CdS core nanoparticles, i.e., the shell morphology of MPA-SiO 2 (2)/CdS was modified to have windows in the SiO 2 shell as illustrated in Scheme 2b.
The size-selective photoetching behavior of MPA-SiO 2 (2)/ CdS was greatly dependent on the value of P MPTS used in the preparation. Figure 6 shows typical changes in absorption spectra of MPA-SiO 2 (2)/CdS nanoparticles with P MPTS values of 0.5 and 0.25 during size-selective photoetching with irradiation at 458 nm. The absorption spectrum in the case of P MPTS ) 0.5 was blue-shifted with irradiation time, and finally the absorption onset agreed with the wavelength of irradiation light as in the case of SiO 2 (2)/CdS, whereas almost complete photocorrosion of CdS occurred in the case of P MPTS ) 0.25 without any blue shift of absorption onset. The absorbance of the exciton peak of CdS core obtained after size-selective photoetching with irradiation at 458 and 436 nm are plotted in Figure 7 as a function of P MPTS . Similar tendencies were obtained, regardless of the wavelength of irradiation light used for the size-selective photoetching. At P MPTS g 0.3, CdS in MPA-SiO 2 (2)/CdS was successfully photoetched to the size expected from the wavelength of irradiation light, indicating that the SiO 2 shell surrounding the CdS core at higher P MPTS could prevent coalescence between the photoetched CdS core particles, although the absorbance of the photoetched particles decreased slightly with decreasing P MPTS . The changes in P MPTS can vary the size of the windows in the shell of the photoetched particles. However, because the amount of MPA modified on a particle cannot be determined, no information on the size of the windows and their distribution was obtained in the present study. On the other hand, the monochromatic irradiation of MPA-SiO 2 (2)/CdS with P MPTS values not greater than 0.25 caused a decrease in the absorbance of the whole wavelength region in a manner similar to that shown in Figure 6b , and finally, the absorbance of CdS particles became almost zero, indicating that all CdS nanoparticles were completely photocorroded. It has been wellknown that the size-quantized semiconductor nanoparticles are unstable and remarkably inclined to coalesce into larger particles because of their large surface-to-volume ratio, resulting in the decrease of the energy gap of the particles, unless stabilizing agents, such as thiol compounds and polyphosphate, are available. [30] [31] [32] Therefore, these facts suggested that the shell at lower P MPTS was weak enough to be destroyed during photoetching procedures because of its higher porosity and/or that there were large windows to allow free passage of the photoetched cores. Consequently, the photoetched CdS cores were not stabilized by the SiO 2 shell and coalesced with each other to give larger particles, which could absorb the irradiated photons again because of the decrease of the energy gap and then be subjected to further photocorrosion.
Photochemical Properties of SiO 2 -Coated CdS Nanoparticles Depending on Shell Coverage. MPA-SiO 2 (2)/CdS showed only a broad emission around 650 nm, attributed to the recombination of surface defect sites, in an aqueous solution at pH 7.0, irrespective of either P MPTS or photoetching of the CdS core. Figure 8 shows changes in the relative emission intensity (I/I 0 ) at 650 nm of SiO 2 (2)/CdS and MPA-SiO 2 (2)/CdS (P MPTS ) 0.5) before and after size-selective photoetching with irradiation at 458 nm as a function of the concentration of electron acceptors in the solution. The emission intensity decreased with increasing concentration of electron acceptors of MV 2+ or Rh 3+ , i.e., they acted as quenchers. It is clear that the degree of quenching depends on the kinds of particles and quenchers. The quenching efficiency of original SiO 2 (2)/CdS with MV 2+ was almost the same as that of the photoetched sample, whereas the efficiency of MPA-SiO 2 (2)/CdS was enhanced by the photoetching. The Stern-Volmer plot, a plot of I 0 /I against the MV 2+ concentration, was not linear (not shown), indicating that the quenching rate was not controlled by the collision probability between the CdS particles and MV 2+ molecules. This is similar to previously reported results for CdS nanoparticles without SiO 2 shells showing that MV 2+ adsorbed on hexametaphosphatestabilized CdS nanoparticles quenched their emission through a static process. 33 These results are interpreted by the characteristic shell structure of photoetched MPA-SiO 2 (2)/CdS particles; there seem to be windows in the shell wall that are large enough for the transportation of MV 2+ . The original particles have no void space inside the shell, i.e., the bare surface of CdS is not exposed, and the emission quenching is therefore attributable to the electron transfer to MV 2+ adsorbed on the outer shell surface. This is also the case for photoetched SiO 2 (2)/CdS nanoparticles, for which the SiO 2 shells have no large windows and MV 2+ cannot reach the bare CdS core surface, resulting in the same quenching efficiencies even after photoetching. On the other hand, photoetching of MPA-SiO 2 (2)/CdS produces a window in the shell along with removal of MPA and the formation of a void space. MV 2+ molecules can be adsorbed on the bare CdS core surface and quench the emission more efficiently compared with MV 2+ adsorbed on the outer SiO 2 surface. The above interpretation is also supported by the emission quenching behavior using Rh 3+ , which is much smaller than MV 2+ . For both SiO 2 (2)/CdS and MPA-SiO 2 (2)/CdS, the photoetched particles exhibited larger quenching efficiencies than did the original particles at a fixed concentration of Rh 3+ , and the degrees of quenching in the presence and absence of shell windows were similar. Because Rh 3+ is small, it can penetrate through the shell walls even without windows on them, as seen for Cd 2+ going out through the SiO 2 shell during the photoetching and OH -reaching the photoetched CdS surface. Thus, the shell structure did not have a marked influence on emission quenching with Rh 3+ .
Conclusions
The effects of the thickness and morphology of SiO 2 shells surrounding CdS nanoparticles on size-selective photoetching behavior and photochemical properties of CdS nanoparticles were clarified. Size-selective photoetching resulted in exposure of the bare surfaces of the CdS core particles as well as the formation of a void space between the core and the shell. This could not be achieved by conventional preparation methods in which surface modification or incorporation into solid and polymer matrixes has been used for stabilization of sizequantized semiconductor nanoparticles, 30-32 and the bare surfaces of particles could not be discovered. Because photocatalytic reactions can be driven on the surfaces of semiconductor particles, a SiO 2 -coated CdS nanoparticle obtained by size-selective photoetching is a promising material for the investigation of chemical events occurring on the bare surface of a semiconductor nanoparticle. Another interesting finding of this study is that the photochemical properties of photoetched SiO 2 -coated CdS particles were controlled by the ratio of MPA to MPTS used in the original CdS particles. Photoetching of CdS induced the elimination of MPA attached to the CdS core, resulting in the formation of windows in the shell through which MV 2+ molecules could penetrate inside the SiO 2 shell. Control of the window size can enable selective penetration depending on the size of target substrates. Thus, the results presented here should be useful for realization of molecular size-selective photocatalytic reactions that have not been achieved by the conventional semiconductor photocatalysts. Work in this direction is in progress.
